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Ichnoviruses belong to the virus
family Polydnaviridae, whose
members are obligately
associated with certain
endoparasitoid wasps.
Expression of ichnovirus genes in
parasitized lepidopteran hosts
leads to immune suppression and
is essential for successful
parasitization. To date, the role of
specific ichnovirus genes in
alteration of host physiology has
been unclear, and no cellular
homologues have been
described. Here, we describe the
isolation of a gene family from
two ichnoviruses that is
homologous to the innexin gene
family, which encodes gap
junctions in invertebrates.
Campoletis sonorensis ichnovirus
(CsIV) innexins are expressed in
multiple tissues in infected
lepidopterans, including
haemocytes, the primary
immunocytes of the host. Two of
the CsIV proteins have been
expressed and shown to form
functional gap junctions in
Xenopus oocytes. To our
knowledge this is the first study to
describe gap junction genes in
any virus. We hypothesize that the
virus innexins disrupt cellular
immunity in infected insects by
altering normal gap junctional
intercellular communication. This
would represent a novel
mechanism of viral alteration of
host physiology, and suggests
that gap junctions play a crucial
role in coordinating cellular
immune responses.
Gap junctions, encoded by
innexins in insects [1], coordinate
multicellular processes. In insects,
blood cells (haemocytes) play a
critical role in immune responses
and gap junctions are known to
form between those cells [2,3], yet
the functions of gap junctions in
insect immunity are unclear.
Pathogenic agents, such as
polydnaviruses, may provide a tool
to investigate their role in non-
model systems. The virus family
Polydnaviridae is unique in that its
members, the ichnoviruses and
bracoviruses, are obligately
associated with parasitoid wasps
[4]. Virions are delivered to host
caterpillars during parasitization
where virus-encoded transcripts
and proteins are produced in the
absence of virus replication [4]. In
the case of ichnoviruses, virus-
encoded proteins almost invariably
suppress the immune system of
the caterpillar, and thus are
essential for successful
parasitization (reviewed in [5]).
Polydnavirus genomes are unusual
in that they exhibit simultaneous
reductive and proliferative
evolution, i.e. few, if any, genes
associated with virus replication
and packaging are encapsidated,
and the packaged genome
contains genes generally
associated with pathogenesis of
the caterpillar host [5,6]. Therefore,
genes identified in the ichnovirus
genome may be assumed a priori
both to be necessary for
successful parasitization and to
induce either immunological or
developmental pathologies in the
infected caterpillar.
We identified five complete
open reading frames in the
genomes of two polydnaviruses,
CsIV and Hyposoter didymator
ichnovirus (HdIV), that shared
significant (e-values <10−40) global
similarity to innexins (see Table S1
in Supplemental data published
with this paper online). These virus
innexins, termed vinnexins,
encode 22 of 39 invariant residues
found in insect innexins
(Figure S1), but form a well
supported virus-specific clade in
gene trees (Figure S2).
Two CsIV vinnexins, cs-Vnxd
and cs-Vnxg, were expressed in
paired Xenopus laevis oocytes
and assayed for their ability to
form functional gap junctions. Cell
pairs in which both cells
expressed either cs-Vnxd or cs-
Vnxg electrically coupled
(Figure 1). Average junctional
conductance for these homotypic
channels was 1.87 µS for cs-Vnxd
(n = 15) and 3.62 µS for cs-Vnxg
(n = 32) following expression of
0.5–1.0 ng RNA, which is within
the range previously observed for
Drosophila innexins. Heterotypic
channels also formed between
cell pairs in which one cell
expressed cs-Vnxd and the other
cs-Vnxg (data not shown).
Vinnexin channels were not
voltage dependent; junctional
current (Ij) was linear at all
transjunctional voltage steps (Vj,
Figure 1A–C).
The vinnexins are transcribed
in several tissues of the infected
Figure 1. Vinnexins make functional gap
junctions in Xenopus oocytes.
Xenopus laevis oocytes were micro-
injected with in vitro transcribed vinnexin
RNAs or water (negative control). The
vitelline membrane was removed to
expose the plasma membrane and cells
were paired. Cell pairs were recorded
24–48 h later using a double voltage
clamp technique. Both oocytes of a pair
were clamped to a holding potential (Vh)
of –80mV. Sequential 10 mV depolarizing
and hyperpolarizing voltage steps (V1)
were applied to one cell (cell 1 in (A)) to
generate transjunctional voltage, Vj
(V1–Vh), and the current, Ij (–I2) required
to maintain the neighbour cell (cell 2 in
(B–D) at the holding potential was
recorded. Junctional conductance (µS) is
Ij/Vj. Transjunctional voltage steps elicit
junctional currents in cell pairs injected
with (B) cs-vnxd (0.5 ng) and (C) cs-vnxg
(0.5 ng) but not in (D) water-injected
control pairs.
caterpillar (Figure S3),
concurrently with two newly
isolated host lepidopteran
innexin-2 orthologues (data not
shown). Peptide antisera raised
against a unique region of
cytoplasmic sequence of the
CsIV vinnexin cs-Vnxq2 were
used to label isolated
haemocytes. No signal was
observed in control insects using
immunofluorescence microscopy
(Figure 2A); by contrast, positive
signal was observed consistently
in haemocytes of parasitized
insects (Figure 2B). Western blots
confirmed that the antigen was
restricted to infected haemocytes
with no detectable signal in other
tissues (Figure S4).
Our data demonstrate that
some ichnoviruses have co-
opted a host gene family
controlling intercellular
communication, presumably as a
novel means to alter host
physiology. An intriguing
hypothesis, supported by the
observed haemocyte specificity
and the known role of
ichnoviruses in parasitoid–host
interactions, is that vinnexins
disrupt host immunity, interfering
with haemocytic encapsulation,
the primary immune response
against haemocoelic parasites in
insects. The native encapsulation
reaction requires two haemocyte
populations interacting over
several hours to days in a tightly
regulated cascade of behaviours
[2,7]. The mechanisms of
regulation during intermediate to
terminal stages of encapsulation
are unknown but gap junctions
are probably involved [8,9]. The
vinnexins may alter native gap-
junction-mediated intercellular
communication among
haemocytes by modifying the
permeability of host innexin
channels, via vinnexin–innexin
interactions, or by permitting
diffusion through vinnexin
channels, thereby abrogating
encapsulation. The discovery and
initial characterization of the
vinnexins in combination with the
isolation of caterpillar innexins
transcribed in haemocytes
provides a set of conceptual and
molecular tools for future studies
of the functions of gap junctions
in cellular immunity.
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Figure 2. cs-Vnxq2 protein localizes to haemocyte membranes.
Isolated haemocytes from the CsIV-susceptible host caterpillar Heliothis virescens were
labelled with anti-peptide antisera generated against a unique sequence in the cytoplas-
mic region of the cs-Vnxq2 protein. (A) Immunofluorescence confocal microscopy detected
no specific signal in control haemocytes. (B) Antisera demonstrated localization (red) to
cellular membranes in haemocytes isolated from 3 day post-parasitized H. virescens.
Green, FITC-phalloidin labeled F-actin. Note the actin cytoskeleton is disrupted in infected
haemocytes hence the absence of cell processes in (B). Scale bar = 10 µm.
